Our dependence on the continental water cycle (CWC) is such that we clearly need to improve our understanding of its issues from a multidisciplinary perspective. We assess the water resources in an understudied country, Haiti, to estimate the geomorphological (8 variables), hydrological (7), and climatological (7) behaviors of the main (26) watersheds. This generated almost exhaustive knowledge of the surface and sub-surface components of the CWC. In this paper, we intend to integrate these components into a synthetic and coherent view of the environment by looking for relationships between each other. We explore the correlations between several variables (including daily rainfall, river discharge, and river network metrics) of the pre-mentioned water components using robust and rigorous statistical analyses. We found a significant yet weak (spatiotemporal) correlation between the geomorphologic and climatologic components (RV test comparing two datasets with permutations, p-value ¼ 10 À3 ). Some partial, weak, and contingent relationships between specific geomorphologic, hydrologic, and climatologic behaviors were apparent too.
INTRODUCTION
The continental (terrestrial) water cycle (CWC) can be considered as a complex dynamic system, which remains hard to fully understand. As a proof, the modeling and prediction of precipitations and/or river discharge in specific watersheds is still in its infancy (Hrachowitz et al. ; De compared to the deep knowledge we have of most processes related to water fluxes (Huntington ; Trenberth et al. ) . Most of the water resources required by humankind come from runoff and sub-surface waters, and these water reservoirs are conditioned by the complex relationships between rainfall, the watershed, its geomorphology, and its surface management (Dooge ; Allen & Ingram ) .
Some pairwise relationships (spatiotemporal correlations) of this system are now better studied and understood, such as the rainfall-runoff and management-runoff processes (Wooldridge et al. ; Wagener et al. ) . Yet, we still lack a holistic and unified view of this system. This is a recurrent problem in most empirical sciences, based on a reductionist scheme and fragmented analytical approaches that make it much more difficult to 'integrate' our knowledge at higher levels of organization (Cincotta et Hrachowitz et al. )) scales may indeed differ. Such an endeavor attempts to encompass the CWC with multidisciplinary projects designed to simultaneously quantify and understand several components of this complex system, such as geomorphology, ecology, hydrology, climatology, oceanography, and sociology (Montanari et al. ) . As this is virtually impossible in practical terms, we usually define a specific well-instrumented region and try to measure as much data on the CWC as it is possible to gather. In Haiti, we therefore focused on the 'superficial' This second objective (ii) can be divided into two clearcut questions. First, we explored the statistical relationships between the processes involved. On the basis of quite commonly used statistical tools, we intended to achieve a clear multidisciplinary understanding of the CWC in a developing country (CEGET ). Indeed, developing countries often show two central weaknesses that should represent major objectives: they need environmental data and, to some extent, they lack the know-how and/or computational resources to implement models that other countries can afford. The central question and innovation here is whether we identified significant relationships in Haiti between geomorphological, hydrological, and climatological variables of instrumented watersheds (i.e. equipped with rain gauges and one hydrological station).
The significant relationships found in the project will directly benefit water-related science (Huntington ; Hrachowitz et al. ) , as well as the management of Haitian watersheds (e.g. watersheds showing the same properties will favor similar planning). The lack of a relationship found between other components will suggest new directions in studying this complex system. Second, we also set out to integrate the whole CWC and explore the limitations of our understanding of a typical regional water system. This will help to recommend further works on the basis of a conceptual discussion: how can we improve our understanding of the water-related environment of a region such as Haiti, without building huge mechanistic models and powerful computing resources?
MATERIALS AND METHODS

Study area
Haiti is a mountainous Caribbean country located between
18
-20 N and 71 -74 W with an area of about 27,750 km² (Table 1) . We also quantified the main land cover (SlowLC, the only human-related variable in this study), geological, watershed outline (Bonhomme et al. ), and stream properties (Gaucherel & Salomon ) ( Table 1 ).
The river discharges (flow rates) used in this study were collected by LGL (Lalonde, Girouard & Letendre -Canadian consultants), other private experts, and also from the public Haitian services (Table 1) Several geomorphological variables were also derived from the DEM (Table 1) . Finally, the rainfall data used in this study were derived from a rich dataset compiled from var- ), and the second rainy season in August to November).
We then computed the average amount of rain received on (the rain gauges included in) the (sub-)watersheds during these four seasons (Table 1) . We used these four variables (seasons) and mean annual rainfall to classify the 26 (sub-)watersheds of the study.
This study was clearly limited by the data available in such an understudied country. For example, detailed lithospheric and anthropogenic data were unavailable.
Moreover, the measurements used were biased in terms of spatial coverage of this heterogeneous country ( and were not located in a specific area of the country. In addition, our methodology is easily reproducible and the data used here will serve to further discuss the CWC.
Additional data in the future will contribute to refine our current understanding of the CWC. Detailed data quality controls have been performed on each dataset, with poor quality data systematically cleaned (see next section), while no missing data have been supplemented to avoid increasing uncertainties. Finally, it is important to mention here that geomorphological observations were considered stable (static) for the whole study, whereas hydrology and climatology were considered dynamic (based on the daily or monthly time series). Indeed, it will be crucial during the discussion to recall that processes involved in the various components of Haitian watersheds do not cover the same extent in space and time: they involve different scales (Huntington ; Koutsoyiannis ).
Methods
On the basis of the available data for the 26 sub-watersheds, On the basis of a multivariate analysis (here, a principal component analysis (PCA) (Pearson )), we selected eight geomorphological, seven hydrological, and seven climatic variables (Table 1) . From this reduced set of we built in parallel 'integrated' groups based on a fuzzy classification. Although it is always possible to build some groups using a statistical method, the final classification based on fuzzy groups was much more difficult to interpret (not shown) and seemed to discriminate geographical (e.g. north and south) properties rather than water-related properties as expected.
RESULTS
Characterization of CWC components
The The hierarchical clustering identified three clusters:
• Geomorphogical group G1 (10 watersheds) -mountainous watersheds with dendritic networks;
• G2 (6 watersheds) -elongated watersheds with highly contrasted (lowland/highland) lengths;
• G3 (10 watersheds) -sinuous stream networks in lowland watersheds. • Hydrological group H1 (six watersheds) -low discharge ranges with high median value of flow, relatively high number of reversals but slow changes;
• H2 (10 sub-watersheds) -intermediate Haitian watersheds in terms of discharge;
• H3 (nine watersheds) -high discharge ranges with rapid changes and with a relatively low median;
• H4 (one watershed, no. 521, Estere river) -an outlier having a very high discharge range and the sole river of our sample with null discharge in dry season. • Climatological group C1 (eight watersheds) -high annual rainfall;
• C2 (seven watersheds) -low seasonal range, with a northern climate (late rainy season, pronounced mean summer drought);
• C3 (nine watersheds) -low annual rainfall;
• C4 (two watersheds, highly mountainous watersheds) -with very high rainfall averages.
We checked whether removing the annual rainfall average variable from the variable set led to the same classification. • low elevation and sinuous watersheds (G3) were often linked to rapid and high range discharges (H3) and to low rainfall ranges and late rainy seasons (C2): seven and six watersheds, respectively.
Because some property relationships were occasionally detected (i.e. for some watersheds only), it was relevant to compute a final classification simultaneously taking into account all available CWC properties. Based on a dissimilarity matrix and a hierarchical clustering, we rigorously identified four groups of watersheds (Figure 4(a) ), and found the two above-mentioned groups. The final group F1 (five watersheds) showed mountainous and high discharge rivers, and was equivalent to group H1 (and the two outliers C4) showing low discharge ranges with high median value of flow, a relatively high number of reversals, but slow changes and high annual rainfall (Table 2) y-axis) computed for (1) geomorphology, (2) hydrology, and (3) climatology variables. The diagonal (a1, b2, and c3) shows the same clusters in their respective PC space (similar to Figure 2 ). The other plans highlight the relationships between the different components. Ellipses display the 95% confidence levels of each cluster. Notice that the group distributions in PCA plans (ellipses) are well separated for each science (along the diagonal), but not between different sciences (off-diagonal).
( Table 2 ). The final group F4 (six watersheds), water-scarce watershed, was equivalent to the group C3 with the lowest annual rainfall (1,476 mm), the lowest median discharge (0.75 Ls À1 km À2 ), the lowest proportion of land cover slowing down water runoff (44%), and is mainly located inland (Artibonite and La Quinte basins, not shown). Although some geographical patterns emerged from this final classification (e.g. F3 is mainly located in the northern plain with a specific climate), most of the groups appeared to be relatively spread out across the country (Figure 4(b) ).
DISCUSSION Water component relationships
The BVH project was a success in that it greatly increased the knowledge of regional water resources in Haiti 
).
Despite the low number of watersheds, the statistical analysis used here was simple and robust. Indeed, variables were selected based on a wide range of factors, based on a careful cleaning stage, and dependent neither on the selected variables nor on the clustering method used (kmeans led to the same qualitative results as the hierarchical clustering). Moreover, several variables used in this study
were also sensitive to (data and measurement) scales, but were computed at the same scale in order to further compare the watersheds. All these precautions do not preclude that the lack of correlations found in this study partly comes from the limited amount of available data. Our methodology is therefore robust and reproducible.
On a more fundamental view, we found no systematic pairwise relationships between the studied CWC components but the relationship between the geomorphological and climatological components (RV test p-value ¼ 0.002). We hypothesize that this intriguing relationship may be due to the broad time scales of these two components (geomorphol- 
CONCLUSION
In this study, we looked for connections among the atmosphere, hydrosphere, and geosphere components involved in the CWC in a specific understudied region (Haiti). Our objective was to improve the understanding on the overall CWC to ultimately provide Haiti with a milestone referential for improving its ecological management. Surprisingly, no clear relationships but the geomorphology-climatology one have been detected, thus confirming complex and nonlinear interactions in the water cycle.
Considering some of the above-mentioned contingent relationships ( Figures 3 and 4(a) ), we cannot assume that
Haiti is sufficiently representative of any CWC to infer generic knowledge on it. Yet, the rigorous statistical analysis presented here is a preliminary step to most explorations of the water cycle and to an integrated view of the waterrelated environment. To gain explicative power in the water cycle dynamics, we have no choice but to develop more theoretical (i.e. conceptual) models of the CWC ( Figure 5 ). In parallel, to gain predictive power in waterrelated environmental health, we have no choice but to develop applied and more mechanistic models at various scales, regularly fed by new collected data. Both objectives are complementary and should be targeted simultaneously.
